The effects of the composition of peri-weaning diets on apparent ileal digestibility of nutrients and caecal environment were studied in growing rabbits. Eight diets were formulated according to a 2x2x2 factorial design to increase acid detergent fibre ( ; P<0.001) and reduced caecal pH (-0.10; P<0.05). In the low NDSF diets, higher ADF increased DM content of caecal digesta to a lesser extent (+16 g kg Overall, the three dietary changes under study led to changes in the caecal environment which might be effective in reducing mortality rate in a context of rabbit epizootic enteropathy.
Abstract
The effects of the composition of peri-weaning diets on apparent ileal digestibility of nutrients and caecal environment were studied in growing rabbits. Eight diets were formulated according to a 2x2x2 factorial design to increase acid detergent fibre (ADF) from 230 to 290 g kg ; P<0.001) and reduced caecal pH (-0.10; P<0.05) . In the low NDSF diets, higher ADF increased DM content of caecal digesta to a lesser extent (+16 g kg -1 ; P<0.001) and increased caecal pH (+0.08; P<0.05). The increase of NDSF in the high ADF diets increased full caecum weight (+8.5 g kg -1 live weight; P<0.01) and reduced caecal pH (-0.14; P<0.001) . In the low ADF diets, higher NDSF increased full caecum weight more extensively (+15.5 g kg ; P<0.001). Both ADF and NDSF replacing starch increased total
Introduction
The incidence of digestive disorders in rabbit commercial farms has encouraged the research on peri-weaning diets. Studies have been carried out to determine how some dietary components influence the development of the gastrointestinal tract and the caecal microbial ecosystem in young rabbits. Level and type of fibre, starch and protein are topics of concern, although their effects on digestive health are difficult to elucidate because dietary changes are usually complex and involve several nutrients.
The beneficial effect of increasing dietary fibre at the expense of starch on digestive health of growing rabbits is well established Gidenne et al., 2010b) .
Even if dietary fibre meets the requirements proposed by Gidenne and García (2006) to prevent digestive troubles in the post-weaning period, increased levels of poorly-or highly-digestible fibre replacing starch might reduce the mortality rate in a context of rabbit epizootic enteropathy (REE), as reviewed by Blas and Gidenne (2010) . Depending on the nature of fibre, increased digesta passage rate in the caeco-colic segment (by increasing lignin and cellulose) or favourable changes in caecal fermentative activity and environment (by increasing pectins and hemicelluloses) are mainly involved in the beneficial effect of fibre. A reduction in dietary crude protein (CP) has also been shown to have positive effects on digestive health of growing rabbits , probably because of lower ileal flow of nitrogen and a reduced caecal Clostridium perfringens population (Chamorro et al., 2007) . Martínez-Vallespín et al. (2011a) studied the effects of increasing acid detergent fibre (ADF) content at the expense of mainly starch, increasing neutral detergent soluble fibre (NDSF) content at the expense of mainly starch and reducing the CP content in the peri-weaning diet on the performance of both rabbit does and growing rabbits. They showed that, in a context of REE, mortality rate during the post-weaning period was reduced by these three dietary changes. The effects seemed additive. The present work evaluated the effects of the above mentioned dietary changes of the peri-weaning diet on apparent ileal digestibility of nutrients and caecal environment in young rabbits that might have a relationship with REE incidence.
Material and methods

Diets
Eight peri-weaning diets were formulated according to a 2×2×2 factorial design i.e. increase of the ADF content from 230 to 290 g kg DM. Ingredients and chemical composition of the diets are described in Tables 1 and 2 , respectively. Starch was replaced by ADF mainly by reducing the amounts of wheat grain, wheat bran and grape pomace and increasing oat hulls and defatted grape seed inclusion rates. Starch was replaced by NDSF mainly by reducing the amounts of wheat grain, soybean hulls and treated wheat straw and increasing sugarbeet pulp and oat hull inclusion rates. The CP content was reduced mainly by replacing sunflower meal with soybean protein concentrate, sugarbeet pulp, defatted grape seed and treated wheat straw. All diets included 5 g kg -1 DM of alfalfa hay marked with ytterbium . Zinc bacitracin (100 mg kg ) were added to all diets.
Animals and housing
The experimental protocol was approved by the Committee of Ethics and Animal Welfare of the Universidad Politécnica de Valencia and followed both the Spanish Royal Decree 1201/2005 on protection of animals used for scientific purposes (Boletín Oficial del Estado, 2005) and the recommendations for applied nutrition research in rabbits as described by the European Group on Rabbit Nutrition (Fernández-Carmona et al., 2005) .
A total of 32 litters (maternal line A × growth line R; Universitat Politècnica de València, Spain) were standardized to eight kits at 17 days of age and received their respective diets, randomly assigned (4 litters/diet). Litters were weaned at 28 days of age and samples of ileal and caecal contents were collected at 35 days of age. From 28 to 35 days of age, 17 animals (6.6%) died. Samples from 52 animals (20.3%) showing signs of digestive troubles (dirty perineum, abnormal caecal or colic contents) were discarded.
Rabbits were housed in an experimental farm with a temperature of 16ºC to 24ºC throughout the experimental period. From birth to weaning, the litters were maintained in cages (50×70×32 cm) provided with nesting boxes, and then litters were transferred to growing cages (50×80×32 cm), each litter being split into two cages of four rabbits.
Throughout the experiment, animals had free access to feed and water. Feed intake was daily controlled from weaning.
Sampling of ileal and caecal contents
At 35 days of age, animals were weighed and slaughtered by intracardiac injection of sodium thiopental (75 mg kg -1 live weight) between 20:00 and 23:00 h., to minimize the influence of caecotrophy on the composition of digestive contents (Gidenne and Poncet, 1985; Merino and Carabaño, 2003) . Samples of ileal content were obtained by pooling digesta from the distal part of the small intestine (around 30 cm before the ileo-caeco-colic valve) of two to four animals per replicate, frozen at -20 ºC, freeze-dried and ground. Full caecum weight and pH (GLP21 pH-meter, Crison, Barcelona, Spain) of caecal digesta were recorded. Two mL of 0.35 M H 3 PO 4 or three mL of 0.35 M H 2 SO 4 were added to one g of caecal digesta for later determination of volatile fatty acid (VFA) and ammonia concentrations, respectively. The remaining caecal content was used to determine the DM content. Caecal digesta samples were frozen at -20 ºC until analysis.
Chemical analyses
Chemical analyses of diets were performed according to the methods of the Association of Official Analytical Chemists (2000): 934.01 for DM, 942.05 for ash, 976.06 for CP and 920.39 for ether extract, with acid-hydrolysis of samples prior to the extraction.
Starch content was determined according to Batey (1982) , by a two-step enzymatic procedure with solubilisation and hydrolysis to maltodextrins with thermo-stable α-amylase followed by complete hydrolysis with amyloglucosidase (both enzymes from Sigma-Aldrich, Steinheim, Germany), and the resulting glucose being measured by the hexokinase/glucose-6 phosphate dehydrogenase/NADP system (R-Biopharm, Darmstadt, Germany). Neutral detergent fibre (NDF), ADF and acid detergent lignin (ADL) fractions were analysed sequentially (Van Soest et al., 1991) with a thermo-stable α-amylase pretreatment and expressed exclusive of residual ash, using a nylon filter bag system (Ankom, Macedon, NY, USA). The content of NDSF was determined according to Hall et al. (1997) , after adapting the method to the modifications proposed by Martínez-Vallespín et al. (2011b) .
Ytterbium was analysed according to García et al. (1999) , by atomic absorption spectrometry (Smith-Hieftje 22, Thermo Jarrell Ash, Franklin, MA, USA) using predosed samples of faeces to prepare common-matrix standards. Samples were previously ashed 
Statistical analysis
Data were analysed using the GLM procedure of SAS (Statistical Analysis Systems Institute, 2002) . The model included the main effect of the diet and the litter (nested to diet) as a random effect. The effects of the three factors (ADF for starch, NDSF for starch, CP reduction) and all their interactions were assessed by orthogonal contrasts. All data are presented as least-squares means and statistical significance was declared at P<0.05.
Results
Apparent ileal digestibility of nutrients
The coefficients of apparent ileal digestibility (CAID) of DM, CP, starch and NDSF of the diets are shown in Table 3 An interaction between the ADF and NDSF levels was found for the CAID of CP (Figure 1) , which was lower with the substitution of ADF for starch only in the low NDSF diets (-0.066±0.033; P<0.05) and with the substitution of NDSF for starch only in the low ADF diets (-0.088±0.035; P<0.05), resulting in higher CAID of CP in the low ADF-low NDSF diets than in the rest (+0.074±0.028; P<0.05). An interaction between the NDSF and CP levels was also detected for the CAID of starch, which was higher with the substitution of NDSF for starch only in the high CP diets (+0.029±0.012; P<0.05) and with the reduction of CP content only in the low NDSF diets (+0.026±0.011; P<0.05).
Because of the high incidence of mortality (6.6%) and digestive troubles (20.3%), data on feed intake, obtained from collective cages, were not reliable and consequently ileal flow of nutrients could not be presented.
Caecal environment
The dietary effects on full caecum weight (relative to live weight) and on major parameters describing caecal fermentation and environment are shown in Interactions between the ADF and NDSF levels were found to affect full caecum weight as well as DM content and pH of caecal digesta (Figure 2) . Thus, the full caecum weight decreased when ADF replaced starch only in the high NDSF diets (-9.1±3.0 g kg Interactions between the NDSF and CP levels were detected affecting full caecum weight and DM content of caecal digesta. Thus, the full caecum weight increased more extensively when NDSF replaced starch in the high CP diets (+16.9±3.2 g kg ; P<0.01). An interaction between the ADF and CP levels was also detected for the molar proportion of propionate, which was higher when ADF replaced starch only in the low CP diets (+0.007±0.003; P<0.05) and lower with the reduction of CP content only in the low ADF diets (-0.006±0.003; P<0.05).
Discussion
Replacement of starch with fibre
The replacement of starch with ADF impaired the CAID of DM, which is consistent with the high ileal digestibility of starch (Blas and Gidenne, 2010) , whereas a low precaecal digestion of ADF can be assumed. In adult rabbits, CAID of ADF from 0.08 to 0.18 have been reported by . Other studies in adult rabbits have reported CAID of glucose from non-starch polysaccharides (mainly from cellulose) being close to zero (Gidenne, 1992; Carabaño et al., 2001 ).
The replacement of starch with NDSF impaired the CAID of DM, likely because of the low ileal digestibility of this fibrous fraction, whereas it increased the CAID of NDSF probably because of the higher contribution of sugarbeet pulp to this fraction (averaging 0.22 and 0.60 in the low and high NDSF diets, respectively). Sugarbeet pulp is rich in pectic substances which have a high CAID (0.2 to 0.5) in adult rabbits (Gidenne, 1992; Carabaño et al., 2001 ). This fact might be explained as a consequence of microbial enzyme activity in the stomach and small intestine (Marounek et al., 1995) . Moreover, the inclusion of sugarbeet pulp in the diet increases intestinal viscosity in rabbits (Volek et al., 2005) and reduces the CAID of CP because of greater endogenous losses (Chamorro et al., 2007) . On the other hand, the contribution of fibrous raw materials to the CP supply was larger in the high than in the low ADF diets (0.32 vs. 0.24). Lower CAID of CP has been reported for fibrous raw materials than for concentrates ). These facts could explain why the CAID of CP was higher in the low ADF-low NDSF diets.
Dietary level and type of fibre were the main dietary factors affecting caecal traits as reported by García et al. (2002) in a meta-study with data from different experiments.
According to these authors, caecal weight depends quadratically on the dietary NDF content, being minimal with 393 g NDF kg with diets differing in soluble fibre content. The lack of effect on full caecum weight when increasing ADF (and ADL to NDF ratio) in the low NDSF diets observed in the current study could be explained by their ADF content being already high enough to maximize this rate of passage, as caecal weight is related to ileo-rectal rate of passage (Gidenne et al., 2010a) . On the other hand, the effect of insoluble fibre in reducing caecal weight would persist above the limit proposed by García et al. (2002) in the high NDSF diets.
The increase of DM content of caecal digesta with dietary ADF could be a consequence of higher ileal flow of DM. The ileal flow of DM calculated using feed intake from a previous study using the same diets (Martínez-Vallespín et al., 2011a) would be higher in the high than in the low ADF diets (92 vs. 75 g day -1
). In the high NDSF diets, this effect of dietary ADF was larger, which could be explained by a differentiated transit, faster for liquid than for solid phase, associated to stimulated caecal rate of passage. Faster oro-rectal rate of passage of fine particles (and not of large ones) has been reported as a result of increasing the dietary lignin content (Gidenne and Perez, 1994) . Similarly, Gidenne and Perez (2000) and Gidenne and Jehl (1996) found faster oro-rectal rate of passage of liquid phase and fine particles (and not of large ones) or faster ileo-rectal rate of passage of liquid phase (and not of solids), respectively, when increasing the dietary fibre level (cellulose+insoluble hemicelluloses+pectins). The increase of dietary NDSF in the low ADF diets induced lower DM content of caecal digesta probably because of higher water retention capacity of pectins (Gidenne et al., 2010a) . However, no differences were found in the high ADF diets because this effect could have been compensated by the differentiated transit of liquid and solid phases. García et al. (2002) reported that VFA concentration of caecal digesta increases with the dietary content in uronic acids (monomers constituting the backbone of pectins) and NDF, whereas it is reduced by increasing lignification of NDF. Likewise, higher VFA concentration has been observed when several fibrous constituents (pectins, insoluble hemicelluloses, cellulose) were increased simultaneously at the expense of starch Gidenne and Bellier, 2000) . Recent studies (Trocino et al., 2011; Xiccato et al., 2011 ) also reported higher VFA concentration when soluble fibre replaced starch.
Similarly, in the current study, VFA concentration of caecal digesta increased with the high NDSF or ADF diets (the latter being also high in NDF, although with higher degree of lignification) and the maximum VFA concentration was observed when NDSF and ADF increased concurrently at the expense of starch. Nevertheless, the difference in fermentative activity depending on the NDSF level cannot be supported by the difference in the calculated ileal flow of this fibrous fraction (17.5 and 18.2 g day -1
for the low and high NDSF diets, respectively), which might be related to the high residual variability of its CAID (mean: 0.010, residual standard deviation: 0.102).
Regarding the VFA profile of caecal digesta, García et al. (2002) reported that acetate increased and butyrate decreased when increasing dietary NDF, whereas propionate was positively correlated with the dietary content in uronic acids. The same effect on acetate and butyrate molar proportions was found by Xiccato et al. (2011) when soluble fibre replaced starch. On the contrary, in the current work, no effect was found on VFA profile when ADF replaced starch whereas when NDSF replaced starch it consistently reduced the contribution of acetate and increased that of butyrate.
The ammonia concentration of caecal digesta was reduced when NDSF replaced starch in the diet, which could be explained by enhanced microbial activity and subsequent increase of ammonia uptake for microbial protein synthesis, since the calculated ileal flow of CP was very similar in low and in high NDSF diets (8.0 vs. 8.1 g day -1
). Xiccato et al.
(2011) also reported lower ammonia concentration as a consequence of a large increase of soluble fibre at the expense of starch; Trocino et al. (2011) found no effect when this replacement was slighter. On the other hand, enhanced microbial activity when ADF replaced starch was not reflected in a reduction of ammonia concentration because higher ammonia uptake by microbiota could be compensated by an increase in ammonia production as a result of enhanced proteolytic activity; in fact, the calculated ileal flow of CP increased with the high ADF diets (7.3 vs. 8.7 g day -1
).
Uronic acids are the only dietary constituent explaining a relevant part (67%) of the variation observed in caecal pH, which depends not only on VFA and ammonia concentration in caecal digesta (both explaining only 12% of caecal pH variability) but also on physicochemical characteristics of caecal DM (García et al., 2002) 
Reduction of CP content
A reduction of dietary CP content from 175 to 145 g kg -1 reduced the CAID of this nutrient. The contribution of fibrous raw materials to the CP supply was larger in the low than in the high CP diets (0.37 vs. 0.19) and, as mentioned above, lower CAID of CP has been reported for fibrous raw materials than for concentrates ). The higher proportion of ileal endogenous nitrogen in low protein diets should also be taken into account. The reduction of CP content also impaired the CAID of NDSF, in spite of the higher contribution of sugarbeet pulp to this fraction (0.55 vs. 0.36). Lower precaecal microbial activity because of insufficient N availability could be hypothesized. In fact, as commented below, caecal microbial activity was depressed with the low CP diets. The combined effect of the reduction of CAID of CP and NDSF content in the low CP diets would explain a major part of the impairment of CAID of DM in these diets.
In the current study, a reduction of dietary CP content reduced VFA concentration, as found also by Xiccato et al. (2011) , and increased pH in caecal digesta, which may indicate lower microbial activity. In fact, the lower ileal flow of CP (7.5 vs. 8.5 g day -1
; calculated values) and N availability (illustrated in the lower ammonia concentration of caecal digesta) could have limited the microbial activity.
Conclusions
The replacement of around 50 g kg 
